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Oscillating-to-Continuous Combustion Transition in
Mesoparticle Composites Through Manipulation of Heat
Feedback

Yujie Wang, Mahbub Chowdhury, Yuxin Zhou, George Issac Paul, Keren Shi,
and Michael R. Zachariah*

In this study, free-standing composites consisting of 90 wt% nanoenergetic
mesoparticles are fabricated and their combustion characteristics are
investigated. The findings reveal that the integrity of the mesoparticles
remains intact during the printing process and a reduction in sintering is
observed for the composite of mesoparticles compared to the physical
mixture. However, the composite of mesoparticles exhibits noncontinuous
and oscillating propagation behavior at a steady frequency of ≈5 Hz. This is
attributed to insufficient heat feedback from the flame to the unburnt
material. To address this issue, carbon fiber (C.F.) is introduced into the
composite to enhance heat feedback to the reaction front by intercepting hot
agglomerates near the burning surface. Incorporating C.F. leads to steady
propagation of the composite. Agglomerate residence time and characteristic
heat transfer time analysis near the burning surface indicate that while the
composite without C.F. has agglomerate residence time on the same order of
magnitude as the characteristic heat transfer time, the composite with C.F.
has significantly increased overall agglomerate residence time compared to
the characteristic heat transfer time. This confirms the enhanced heat
feedback through C.F. inclusion. This study demonstrates the crucial role of
heat feedback in the combustion behavior of energetic composites.

1. Introduction

The use of nanostructures has significantly increased the re-
search activity into novel classes of energetic materials.[1–8] The
reactivity of thermites that typically composed of metals and
metal oxides has been increased significantly through the uti-
lization of nanoscale particles.[9] The enhanced reactivity is gen-
erally attributed to the increased specific surface area and de-
creased diffusion length scale of nanoparticles.[1] Aluminum
(Al) particles are widely used as additives in energetic materi-
als such as explosives, propellants, and pyrotechnics to improve
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combustion performance due to their
high energy density, availability, and
low cost.[10–13] Nevertheless, substituting
micron-scale aluminum with nanoscale
aluminum (nAl) in energetic materi-
als results in combustion rates that are
lower than theoretically expected,[4,14] as
well as more difficult formulation and
processing. This former is attributed
to the agglomeration/sintering that re-
sults in loss of nanostructure during
combustion, as nAl tends to aggregate,
sinter, and coalesce.[15] Agglomeration
negates the benefits of using nAl and
reduces the rate of energy release.[11,14,16–22]

We have explored an approach to min-
imize sintering effects as well as some of
the processing constraints in working with
nanomaterials in formulations through the
creation of mesoparticles. A mesoparticle
is an assembly of nanometric metal fuels
along with an optional oxidizer, and very
importantly a low-temperature gas gener-
ator/binder. This type of particle system,
which assembles nanomaterials into super-
micron particles, has been demonstrated

to yield considerable improvement in combustion performance
on a particle combustion level.[13,23–25] The enhanced reactiv-
ity is attributed to the breaking up of soft agglomerates be-
fore/during combustion from the low-temperature gas gener-
ation of nitrocellulose (NC) as well as better mixing between
fuel and oxidizer. Another crucial advantage of mesoparticles
is their ability to maintain an internal surface area roughly
equivalent to the specific surface area of a nanoparticle while
providing ease of processing for high-loading solid propel-
lant fabrication.[23] The high specific surface area of nAl re-
sults in severe processing challenges as the integration of nAl
into polymer binders leads to dramatically increased viscos-
ity. By assembling nAl into mesoparticles, the overall parti-
cle surface area decreases significantly, resulting in easier pro-
cessing and higher particle loading of solid propellants.[26] De-
spite the potential advantages of utilizing mesoparticles in en-
ergetic materials, an investigation focusing on the combus-
tion characteristics of a solid composite with high mesopar-
ticle loading is still lacking and is the motivation of this
paper.
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Figure 1. SEM images of as-synthesized mesoparticles from the spray-drying process a) and the mesoparticles incorporated into the printed composite
b). Note: The binder labeled in (b) refers to the binder used for printing (PMMA).

In this study, we fabricated free-standing composites con-
sisting of mesoparticles at a 90% loading using 3D print-
ing and compared their combustion behaviors with compos-
ites made from a physical mixture. Scanning Electron Mi-
croscopy (SEM) analysis of the printed composite confirmed
that the integrity of the mesoparticles was preserved through-
out the printing process. High-speed microscopic and macro-
scopic imaging techniques were utilized to study the combus-
tion behavior of the printed composites. Microscopic imaging
revealed reduced sintering in the composite of mesoparticles
compared to the physical mixture composite during combus-
tion. However, macroscopic imaging showed that while the
physical mixture composite propagated steadily, the mesopar-
ticle composite exhibited non-continuous and periodic propa-
gation behavior. This behavior is attributed to insufficient heat
feedback from the flame to the unburnt region, hindering
steady propagation. To address this issue, carbon fiber was in-
corporated into the mesoparticle composite to enhance heat
feedback.[27,28] Microscopic imaging demonstrated that carbon
fiber intercepted agglomerates near the burning surface, while
macroscopic imaging revealed that the mesoparticle compos-
ite with carbon fiber propagated steadily. Theoretical calcula-
tions were performed to compare the residence time of ag-
glomerates and the characteristic heat transfer time near the
burning surface. These calculations confirm the critical role of
heat feedback in the propagation of the composite of mesoparti-
cles.

2. Results and Discussion

The concept of utilizing mesoparticles implies that it is crucial
to ensure the mesoparticles maintain their integrity throughout
the printing process. As shown in Figure 1a,b, there is no ap-
parent difference in morphology between the mesoparticles (Al-
CuO-7.5 wt% NC) synthesized through the spray-drying process
and those incorporated into the printed composite. This confirms
that the mesoparticles remain intact during the printing process.

Combustion characteristics of the printed composites of the
physical mixture and mesoparticles were investigated with high-
speed macroscopic imaging. It was expected that the printed
composite of mesoparticles has a higher burn rate than that
of a physical mixture due to the higher intrinsic reactivity of
mesoparticles compared to a physical mixture, as previously
demonstrated.[23,25] Figure 2a displays a series of time-resolved
macroscopic snapshots of the physically mixed composite burn-
ing. However, the composite of mesoparticles displays non-
continuous propagation behavior that reduces the overall burn
rate significantly, resulting in a considerably lower macroscopic
burn rate than the physically mixed composite (Figure 2b). Fur-
thermore and very curiously, the light intensity extracted from
the macroscopic imaging video demonstrates a periodic (but
steady) combustion characteristic (blinking) during propagation
of the mesoparticle composite (Figure S1, Supporting Infor-
mation each peak represents a visible combustion event). The
time interval between two adjacent visible (blinking) combustion
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Figure 2. Time-resolved snapshots from high-speed macroscopic video of physical mixture composite a) and mesoparticle composite (b). Note: The
dashed lines represent the printed composites before ignition. Time-resolved temperature from the IR imaging video for the composite of mesoparticles
showing periodic combustion (c).

events is ≈200 ms and the burn time of each combustion event
is ≈15 ms, which appears to be quite consistent.

The fact that the composite of mesoparticles reignites after a
combustion event followed by a relatively long period of time
without any visible flame suggests the presence of a different ig-
nition source. IR imaging was utilized to measure temperature
in-between of the visible combustion events for the composite
of mesoparticles and the result is displayed in Figure 2c. The
sharp peaks in Figure 2c correspond to the visible thermal events
shown in Figure S1 (Supporting Information). Sample tempera-
ture drops to ≈450 °C abruptly at the end of a combustion event,
and then gradually increases to ≈650 °C, which is approximately
the ignition temperature of Al/CuO composite measured from
our previous study.[11] Once this temperature is reached, the sam-
ple is reignited and another combustion event occurs. This be-
havior will be discussed in more detail in the following section,
as well as how to mitigate this behavior.

The preceding analysis primarily focuses on how the non-
continuous propagation of the composite of mesoparticles occurs
but does not address the reason why the utilization of mesoparti-
cles results in such a combustion characteristic. High-speed mi-
croscopic imaging facilitates direct observation of events occur-
ring near the flame front, providing valuable insights into the
combustion behavior of a thermite reaction. Figure 3a,b displays
the representative snapshots taken from the high-speed micro-
scopic videos for the composite of the physical mixture and the

composite of mesoparticles, respectively. While previous studies
have used ex-situ techniques to prove the reduction in sinter-
ing when assembling Al/CuO into mesoparticles,[23,25] the mi-
croscopic videos in the current study enable in situ observation
of the reduced sintering of mesoparticle over the physical mix-
ture. SEM was utilized to analyze the post-combustion products
for the composites with physical mixture and mesoparticles, as
displayed in Figure 3c,d, respectively. It is evident that the com-
posite with mesoparticles produces smaller agglomerates during
combustion compared to the composite with the physical mix-
ture, consistent with the observation from microscopic imaging.

Steady propagation of an energetic system necessitates suf-
ficient transfer of heat from the reaction front or flame to the
unreacted material.[29–33] Previous studies on Al/CuO mesopar-
ticles with NC as the binder has demonstrated that the higher
reactivity from mesoparticles arises from the reduced sintering
as a result of significant gas generation from NC. However, for
the composite with mesoparticles, the large amount of gas gen-
eration from NC appears to lead to the rapid departure of ag-
glomerates from the burning surface, resulting in less conduc-
tive heat feedback to the unburnt region compared to the com-
posite with a physical mixture. This low heat feedback leads
to the extinguishment of a combustion event observed from
the macroscopic imaging. It is noteworthy that the composite
comprises 10% polymer (PMMA) to bind mesoparticles into a
free-standing stick through 3D printing, and PMMA undergoes
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Figure 3. Snapshots from high-speed microscopic video for the combustion of the composites of physical mixture a), and mesoparticles b). The dashed
lines show the representative combustion characteristics on the burning surface. SEM images of the post-combustion product from the composites of
physical mixture c), and mesoparticles d), i.e., mesoparticle combustion products are smaller.

combustion alongside the mesoparticles.[34,35] However, the
flame of PMMA is not visible in the color camera with the set-
tings to observe burning agglomerates, as the combustion prod-
ucts of PMMA (mainly CO2, CO, H2O[36,37]) primarily emit in
the infrared range.[38,39] After a combustion event, observed from
the macroscopic camera, PMMA continues to combust, but more
slowly and the heat generated increases the local temperature suf-
ficiently to ignite nearby mesoparticles, thus resulting in another
mesoparticle transient event. This is supported by the IR imag-
ing result displayed in Figure 2c. The ignition of these mesopar-
ticles initiates a new combustion event observed from the macro-
scopic camera. This series of events repeats, resulting in the non-
continuous and cyclic combustion behavior observed in the com-
posite of mesoparticles. To reinforce this point, a composite com-
prising 20% PMMA and 80% mesoparticles, i.e., less mesoparti-
cles also exhibits a non-continuous and cyclic propagation behav-
ior. However, the time interval between two adjacent combustion
events is reduced by almost a half to ≈110 ms. This discrepancy is
attributed to the higher content of PMMA in the composite, lead-
ing to a faster accumulation of heat from the PMMA flame and
consequently resulting in quicker reignition of the composite. A
more extensive investigation into this phenomenon is currently
underway in our research group.

So far, we have conjectured that insufficient heat feedback
causes the non-continuous propagation of the composite of
mesoparticles. A primary question now arises: If indeed this is
a heat feedback issue, then would increasing heat feedback re-
sult in continuous propagation for the composite of mesopar-
ticles? Previous studies have demonstrated that adding carbon

fiber (C.F.) increases heat feedback of a solid-state compos-
ite by capturing the agglomerates departed from the burning
surface.[27,28] Inspired by these studies, we incorporate 2 wt%
of C.F. in the 3D printed composite of mesoparticles to in-
crease the heat feedback (4% PMMA and 6% HPMC as the
binder as discussed in Section 2.3). For simplicity, this com-
posite will be referred to as mesoparticle-2% C.F. compos-
ite in the following discussion. Mesoparticle composites with
4% PMMA and 6% HPMC as the binder and no C.F. was
also prepared and used for comparison in the following analy-
sis. High-speed macroscopic and microscopic imaging reveals
that the composite with no C.F. cannot propagate while the
mesoparticle-2% C.F. composite has continuous propagation.
Figure 4a demonstrates stable and linear propagation of the
mesoparticle-2% C.F. composite. Microscopic imaging reveals
that carbon fibers intercept burning agglomerates, causing them
to remain near the burning surface rather than dispersing to
a greater distance, as shown in Figure 4b. Temperature mea-
surements from three-color pyrometry indicate that the ag-
glomerates on the C.F. maintain a temperature of ≈2100 K
when they are within a distance of ≈1 mm from the burn-
ing surface. Our recent molecular dynamic simulation work.[40]

found that the intercepted Al agglomerates would form Al─C
bonds with the surface of carbon fibers to enhance their bind-
ing. Agglomerates on the burning surface and those have re-
cently departed from the burning surface without being inter-
cepted by the carbon fibers have a temperature of ≈2700 K,
which is close to the adiabatic flame temperature of Al/CuO at
2840 K.[11] Notably, the temperature of the agglomerates on the
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Figure 4. Time-resolved flame front position with a corresponding snapshot from macroscopic imaging for the composite of mesoparticles with 2%
C.F.a). Representative snapshot from high-speed microscopic video and its corresponding temperature map from three-color pyrometry b) and SEM
images of the post-combustion product c) for the composite of mesoparticles with 2% C.F.

Adv. Funct. Mater. 2024, 34, 2406722 © 2024 Wiley-VCH GmbH2406722 (5 of 9)

 16163028, 2024, 42, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202406722 by U
niversity O

f C
alifornia, W

iley O
nline L

ibrary on [03/02/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 5. Illustration depicting the region near the burning surface for the composite of mesoparticles without C.F. a) and with C.F. (b).

burning surface of the mesoparticle composite without C.F. is
also ≈2700 K (Figure S2, Supporting Information), indicating
that the addition of C.F. has minimal impact on the temper-
ature of the agglomerates. The lower temperature of agglom-
erates on the C.F. compared to those not on the C.F. can be
attributed to their rapid heat loss to the C.F. with high ther-
mal conductivity. SEM images of the post-combustion product
of the mesoparticle-2% C.F. composite displayed in Figure 4c
show the extensive attachment of agglomerates on the carbon
fibers, consistent with the observation from microscopic imaging
(Figure 4b).

Previous studies have demonstrated that heat feedback plays
a crucial role in the propagation of an energetic material as
steady propagation necessities sufficient heat from the flame to
the unreacted material.[29–32] The preceding analysis has demon-
strated qualitatively that increasing heat feedback of the compos-
ite of mesoparticles by incorporating carbon fiber results in a
continuous and stable propagation. Now, let us perform a semi-
quantitative analysis on the change in heat feedback resulting
from the incorporation of carbon fiber by comparing the ag-
glomerate residence time (tres) and characteristic heat transfer
time (theat transfer) in a region near the burning surface. Agglom-
erate residence time refers to the time needed for an agglomer-
ate to travel a given distance immediately after departing from
the burning surface. We start by simplifying the system to one
dimension and building a control distance close to the burning
surface, within which heat transferred from the agglomerates is
considered (Figure 5). The length of the control distance L was
varied from 50 to 200 μm as it is in between the mesoparticle
size (≈3 μm) and the C.F. length (≈3 mm). For this analysis the
results were not found to change significantly over this range
of L. Convective heat feedback is neglected as the combustion
test was conducted within a largely unconfined environment (the
combustion chamber has a cross-section area 4 orders of mag-
nitude higher than that of the composite) and the hot gas and
particles unlikely move backward to the unburn material.[32] Ra-
diative heat transfer is also neglected as the presence of C.F.
should have minimal impact on the radiative property of ag-
glomerates. Therefore, heat transfer time (theat transfer) is simpli-
fied to heat conduction time (tcond) hereafter. Agglomerate resi-
dence time for the composite with bare mesoparticles is repre-
sented by Equation (1). For the mesoparticle-2% C.F. composite,
there are two classes of agglomerates: those that are not inter-

cepted by C.F. (Equation 1), and those that are intercepted by C.F.
(Equation 2).

tres1 = L
vx

(1)

tres2 = L − x
u

(2)

where x is the distance from the agglomerate to the burning sur-
face, vx is the measured agglomerate speed within L, u is the
macroscopic burn rate of the mesoparticle-2% C.F. composite
(1.5 cm s−1), tres1 is the residence time of the agglomerate that
is not intercepted by C.F., and tres2 is the residence time of the
agglomerate that is intercepted by C.F. The values of x and vx are
obtained from high-speed microscopic imaging by tracking the
traveling time and distance after the detachment of the agglom-
erate from the burning surface. More details about estimating
agglomerate residence time can be found in the Supporting In-
formation.

For an order-of-magnitude estimate of heat conduction time
(tcond), we assume that the gas medium near the burning surface
is argon and there is no interaction among agglomerates. The
heat conduction time is defined by Equation (3).[41]

tcond ∼
L2

𝛼
(3)

where 𝛼 is the thermal diffusivity of the medium (Ar or C.F) ob-
tained by Equation (4).

𝛼 ∼ k
𝜌cp

(4)

where k is the thermal conductivity, 𝜌 is the density, and cp is
the heat capacity. For the composite without C.F., argon is the
only heat-conduction medium. The density of argon is calculated
based on the ideal gas law, and the thermal conductivity and heat
capacity of argon are calculated with USC Mech II.[42] For the
composite with C.F., there are two scenarios for the agglomer-
ates to conduct heat back to the unburnt composite: those that
are not intercepted by C.F., and those that are intercepted by C.F.
(Figure 5). It is assumed that the agglomerates not intercepted
by C.F. conduct heat through argon only and agglomerates in-
tercepted by C.F. conduct heat through C.F. only. The thermal
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Figure 6. Estimated agglomerate residence time and characteristic heat
transfer time for the composite of mesoparticles with and without C.F.
Note: Each symbol represents a measured particle. The diagonal is there
to aid the reader and represents the condition where: “heat transfer char-
acteristic time ≈ agglomerate residence time”.

conductivity of C.F. used in the current study is estimated to be
10 W m−1 K−1 and the density and heat capacity of C.F. used are
based on a previous study.[27]

Figure 6 illustrates the estimated agglomerate residence time
and characteristic heat transfer time in the region (L = 100 um)
near the burning surface for the composites of mesoparticles
with and without C.F. Other cases with varying L can be found in
the supplemental. In the case of the composite without C.F., the
majority of the estimated residence time is on the same order of
magnitude as the heat transfer time. However, for the compos-
ite with C.F., in addition to the agglomerates having residence
time on the same order of magnitude as the heat transfer time,
the agglomerates intercepted by the C.F. demonstrate residence
times three orders of magnitude higher than the heat transfer
time. This quantitatively confirms the significant increase in heat
feedback resulting from the inclusion of C.F. Such enhanced heat
feedback is crucial in igniting the nearby unreacted material and
sustaining steady propagation. This accounts for the transition
from noncontinuous propagation to steady propagation observed
upon the incorporation of carbon fiber into the mesoparticle com-
posite.

3. Conclusion

In this paper, we investigate the combustion characteristics of
a free-standing composite consisting of 90 wt% nanoenergetic
mesoparticles fabricated via 3D printing. SEM analysis of the
printed composite confirms that the integrity of the mesoparti-
cles is maintained during the printing process. High-speed mi-
croscopic imaging reveals the expected reduction in sintering for

the composite of mesoparticles compared to the physical mix-
ture. However, macroscopic imaging shows noncontinuous and
oscillating propagation behavior in the mesoparticle composite,
which is attributed to insufficient heat feedback from the flame
to the unburnt material. To enhance heat feedback, carbon fiber
(C.F.) is incorporated into the composite to intercept agglomer-
ates near the burning surface. With 2 wt% C.F. inclusion, steady
propagation of the composite is observed. A theoretical calcula-
tion is performed to investigate heat feedback by comparing the
residence time and characteristic heat transfer time of agglom-
erates near the burning surface. The calculation reveals that the
overall agglomerate residence time is substantially longer than
the heat transfer time for the mesoparticle composite with C.F.,
while they are of similar magnitude for the composite without
C.F., thus confirming the increased heat feedback with C.F. in-
corporation. This study underscores the critical role of heat feed-
back in the combustion behavior of energetic composites.

4. Experimental Section
Materials: Aluminum nanoparticles (Al NPs, ≈70 nm, 66 wt% active)

were purchased from US Research Nanomaterials Inc. The active con-
tent of Al NPs was determined with thermogravimetry and differential
scanning calorimetry (TGA−DSC, Netsch STA449 F3 Jupiter).[7,43] Cop-
per oxide nanoparticles (CuO, ≈40 nm) were obtained from U.S. Research
Nanomaterials. Polymethyl methacrylate (PMMA, MW= 550000) was pur-
chased from Alfa Aesar and METHOCEL F4M Hydroxypropyl Methylcel-
lulose (HPMC) was obtained from Dow Chemical Company. The Collo-
dion solution (4–8 wt% in ethanol/diethyl ether) was purchased from
Sigma–Aldrich, and nitrocellulose (NC) was obtained by drying the col-
lodion solution. Carbon fiber (C.F., diameter: 7 μm, length: ≈3 mm) was
purchased from Composite Envisions. Ethanol (200 proof) was purchased
from Koptec. Dichloromethane (99.9%), N-dimethylformamide (DMF), 2-
propanol (IPA), and acetone (99.5%) were purchased from Fisher Scien-
tific.

Synthesis of Al-CuO-NC Mesoparticles: Details about mesoparticle syn-
thesis can be found in the previous publication.[25] Briefly, Al NPs and CuO
NPs at a stoichiometric ratio were added to an NC solution in the mix-
ture of DMF:IPA:acetone (3:5:2 in volume). The choice of 7.5 wt% NC was
based on the prior work which showed an optimal result.[25] The suspen-
sion was sonicated for 1 h, followed by a minimum of 24 h of stirring. The
obtained suspension was spray-dried into mesoparticles with a Büchi B-
290 Mini Spray Dryer. Argon preheated at ≈110 °C was used as the drying
gas throughout the spray drying system.

3D Printing: Details about 3D printing of 90 wt% loading compos-
ites can be found in previous publications from the group.[20,43] Gener-
ally, the inks were prepared by first dissolving 10 wt% PMMA or 4 wt%
PMMA and 6 wt% HPMC in the mixture of ethanol and dichloromethane
(1:1 in volume). Mesoparticles were then added and ultrasonicated for
15 min and magnetically stirred for ≈1 h. For preparing the ink for com-
posite with carbon fiber, 2 wt% was added to the PMMA/HPMC solution
and gently stirred for ≈1 h before the addition of mesoparticles. For print-
ing, ink was extruded through a 14-gauge nozzle and written directly on a
glass substrate kept at room temperature. The obtained films were then
cut into ≈2 cm long free-standing sticks for further characterization. It
is noteworthy that while mesoparticles can be printed with both PMMA
and PMMA/HPMC as the binder, mesoparticles with carbon fiber can only
be printed with PMMA/HPMC. This was because the low viscosity of the
PMMA solution leads to the rapid settling of carbon fiber, resulting in a
failed print. The solution of PMMA/HPMC has a significantly higher vis-
cosity that ensures successful printing.

Characterizations: A scanning electron microscope (SEM, Thermo-
Fisher Scientific NNS450) was used to characterize the morphology of the
as synthesized mesoparticles, printed composites, and post-combustion
products.
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In Operando Microscopic and Macroscopic Imaging: Details of in
operando macro and microscopic/pyrometry imaging process can be
found in the previous publications.[18,44] Briefly, two color imaging sys-
tems were aligned on two opposite sides of a printed stick mounted inside
a chamber. One was a macroscopic imaging system with a high-speed
camera (Vision Research Phantom Miro M110). The other was a micro-
scopic imaging system with a high-speed camera (Vision Research Phan-
tom VEO710L) coupled with Infinity Photo-Optical Model K2 DistaMax.
(The microscopic imaging videos were utilized for measuring tempera-
ture with pyrometry, which will be discussed in more detail in the following
section.) A coiled nichrome wire connected to a power supply was placed
immediately adjacent to one end of the printed stick and Joule-heated to
ignition. The combustion process was recorded by both of the imaging
systems. It was worth noting that the chamber was filled with air for the
composites of physically mixed Al/CuO and mesoparticle with only PMMA
as the binder. This was because the composite containing mesoparticles
with PMMA failed to propagate in an argon environment. In contrast, the
chamber was filled with argon for the composites of mesoparticle with
PMMA/HPMC as the binder.

Three-Color Imaging Pyrometry: Details of three-color imaging pyrom-
etry can be found in the previous studies.[18,27,29] Briefly, temperature
measurements were performed by analyzing the channel intensity ratios
of three colors (red, green, and blue) captured by the Bayer filter of the
camera. A custom MATLAB routine was utilized for this analysis with
the assumption that the sample exhibited graybody emission behavior. A
blackbody source (Mikron M390) was used to obtain calibration factors.
The temperature measurement uncertainty was estimated to be nominally
200–300 K.[27,29]

Infrared Radiation (IR) Camera Imaging: IR measurement of the
printed mesoparticle with PMMA as the binder was performed with an
IR camera (Telops FAST M3K high-speed infrared camera) to capture the
infrared radiation signals.
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